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1

ANALOG FRONT-END CIRCUITRY FOR
BIPHASIC STIMULUS SIGNAL DELIVERY
FINDING USE IN NEURAL STIMULATION

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit under 35 U.S.C. § 119
of the earlier filing date of U.S. Provisional Application Ser.
No. 62/181,046 filed Jun. 17, 2013, the entire contents of

which are hereby mcorporated by reference in their entirety
for any purpose.

STAITEMENT REGARDING RESEARCH &
DEVELOPMENT

This invention was made with government support under
EEC-1028725 awarded by the National Science Foundation
(NSF). The government has certain rights in the invention.

TECHNICAL FIELD

Embodiments of the invention relate generally to circuitry

for neural stimulation. Examples of H-bridge circuits for
provision of biphasic, constant-current signals are described.

BACKGROUND

Rapid advances in understanding brain function, neural
connectivity and neural plasticity are providing opportuni-
ties to develop systems to aid the diagnosis and treatment of
neurological disorders. Electrical neural stimulators are
being used alongside neural recording systems to enable
bidirectional interactions with the nervous system and real-
1ze¢ new neuroprostheses and rehabilitation methods.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic illustration of a chip for neural
stimulation arranged in accordance with examples described
herein.

FIG. 2 1s a schematic illustration of analog front-end
circuitry having an H-bridge topology arranged in accor-
dance with examples described herein.

FIG. 3 1s a schematic illustration of the analog front-end
circuitry 202 of FIG. 2 1n various operational states.

FIG. 4 1s a schematic illustration of current driver cir-
cuitry arranged in accordance with examples described
herein.

FIG. 5 illustrates schematic examples of two configura-
tions of the current driver circuitry 402 of FIG. 4.

FIG. 6 1s a schematic 1llustration of a stage of a dynamic
voltage supply (DVS) circuit arranged 1n accordance with
examples described herein.

FI1G. 7 1s a schematic illustration of a high-voltage adapter
(HVA) circuit arranged in accordance with examples
described herein.

FIG. 8 1s a schematic illustration of a system arranged in
accordance with examples described herein.

DETAILED DESCRIPTION

Certain details are set forth below to provide a suflicient
understanding of embodiments of the invention. However, 1t
will be clear to one skilled 1n the art that embodiments of the
invention may be practiced without various of these par-
ticular details. In some instances, well-known or well-
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understood circuits, circuit elements, control signals, timing,
protocols, fabrication techniques, and software operations
have not been shown 1n detail 1n order to avoid unnecessarily
obscuring the described embodiments of the imnvention.

To make bidirectional neural interfaces viable for medical
technologies, the implanted electronics should be robust,
low power, wireless (communication and power), and pret-
crably 1n examples, as small a solution as possible (e.g. tiny).
Many bidirectional neural interface applications (e.g. cor-
tico-spinal prostheses, automated seizure suppression,
closed-loop deep-brain stimulation) may require digital sig-
nal processing within the implant, as to control the stimu-
lator 1n response to recorded neural activity, 1in real-time. To
minimize the size and complexity of the implant, it may be
desirable to integrate as many components as possible as
closely as possible. For example, it may be advantageous to
provide multiple components of a bidirectional neural inter-
face integrated on a same chip (e.g. fabricated using a same
semiconductor process flow). However, a barrier to imple-
menting the neural interface electronics on a single bulk-
CMOS chip may relate to the high voltages often required to
evoke neural activity using electrical stimulation.

These large voltages are the result of driving charge-
balanced, biphasic stimulus current through the electrode-
tissue-interface 1mpedance (Z.). For this reason, existing
bulk-CMOS neural stimulators may have limited voltage
compliance (e.g. £VDD/2), which may be constrained by the
foundry-defined voltage-ratings of the implemented active
devices (e.g. VDD=1V) 1n order to prevent gate-oxide
breakdown and ensure reliable performance. Stimulators
with voltage compliance beyond £VDD/2 generally either
still restrictively limit the overall stimulator compliance (e.g.
<xVDD), have performance limitations 1n terms of driving
stimulus through electrodes with varied frequency-depen-
dent impedance characteristics, and/or place the front-end
design burden on high-performance/specialized analog cir-
cuits (e.g. floating current-DACs) which may be diflicult to
implement across advanced CMOS technologies.

Examples described herein may be usetful in implement-
ing practical, electrical neural stimulation interfaces using
modern silicon CMOS technologies. Generally, there may
be a discrepancy between low-voltage limitations of modern
CMOS devices (e.g. devices such as transistors that may
support voltages across the devices of 1, 2, or 3 Volts 1n
some examples) and the larger stimulation voltages often
used and/or observed at response-evoking stimulus levels
(e.g. voltages such as 5, 10, 11, or 12 Volts in some
examples). Examples of analog front-end circuitry are
described which may drive biphasic, constant-current sig-
nals through a wide range of electrode impedances while
being safely mmplemented 1n a low-voltage, bulk-CMOS
technology. In this manner, a biphasic, constant-current
signal at a high voltage may be provided, while utilizing
devices (e.g. transistors) which tolerate only lower voltages
applied across them. This may allow for the fabrication of
digital circuitry together with the analog front-end circuitry
on a single chip. With bulk-CMOS compatibility, example
analog Iront-end circuitry described herein may be inte-
grated on the same silicon chip with other blocks used for
example implantable bidirectional neural interfaces (e.g.
high-density neural recording, DSP, memory, wireless inter-
faces, or combinations thereof). Providing the digital cir-
cuitry together with the analog front end on a single chip
may generally reduce the size and complexity of required
interconnections, which may reduce the size of an overall
device or system required for neural stimulation and/or
recording. Avoiding multiple chips may be beneficial
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because, for example, 1f multiple chips need to be connected,
cach generally must be “packaged” (which may increase the
dimension of the system 1n both length, width, etc.), and then
the chips would need to be connected on a common printed-
circuit-board (PCB). Each chip would require some amount
of space around it on the PCB for interconnections (further
increasing the total system dimensions). Multiple chip sys-
tems tend to be more power hungry as well (e.g. each chip
has its own power-wasting bias circuitry). Accordingly,
consolidation of components of a bidirectional neural 1nter-
face 1nto a single chip (e.g. analog front-end and digital
logic, memory, wireless interface, etc.) may be advanta-
geous 1n some examples.

Moreover, analog front-end circuitry for neural stimula-
tion systems may need to drive a charge-balanced current
wavelorm between an “active” and “return” electrode, with
the targeted neural tissue between said electrodes. The
electrodes serve as electronic-to-1onic current transducers,
and together, the two electrodes and the tissue (through
which the stimulus 1s driven) present the electrode-tissue-
interface impedance, 7 .. Depending on the electrodes used,
7. can be complex, as well as non-linear. Existing electrode-
interfacing electronics often model Z,. as a series R-C
clement, with R and C set to approximate the frequency
response of a given electrode configuration. However, a
more realistic Z. model includes a resistance in-parallel with
the “C” of the said R-C model. Accordingly, a Z,. may be
modeled as, for example, C,,|R ,+R. electrode-tissue-
interface to more accurately model the frequency-dependent
voltage observed across a given active-return electrode pair
when applied current stimulus. In such an approximation,
C,,; may represent the “double-layer capacitance” transduc-
tion pathway; R, the “charge-transfer” resistance, model-
ing the redox-driven transduction pathway; and R, the
“spreading” or “solution” resistance, models the resistance
to 1onic current flow within the tissue.

Tissue impedance, 7., as indicated by the linear-circuit-
clement approximation, may not just exhibit a “high”
impedance (e.g. making high, bipolar electrode driving
voltages desirable), but may also exhibit varying frequency-
dependence (e.g. Z. can display both resistive and capaci-
tive characteristics); furthermore, 7, may change during
in-vivo operation and after prolonged use. Accordingly,
examples described herein may not only provide high (and
bipolar) voltage compliance, but also performance that 1s
invariant (or relatively invariant) to the frequency-depen-
dent characteristics of Z,. (e.g. within the purely or primarily
resistive to purely or primarily capacitive, and any phasor
representation of impedance between these two real and
imaginary components).

Example topologies used in the front-end analog circuitry
are based on a sink-regulated H-bridge. Stimulus current
may be supplied using fully-integrated dynamic voltage
supplies (DVSs), which may be controlled 1n closed-loop to
have an output voltage approximately equal to the voltage of
the electrode each supplies stimulus to. The stimulus wave-
form may be regulated by a single, low-voltage current-
digital-to-analog converter (current-DAC), which can sately
interface with the electrodes (which may be at high voltages)
via high-voltage adapter (HVA) circuaits.

To account for “capacitive-looking” electrodes and to
provide unique, “clectrode-mvarniant” performance, the
example analog front-end circuitry described herein may
utilize the balancing stimulus current to discharge the elec-
trode-tissue interface impedance (7). In some examples,
only after full (or suflicient) Z . discharge has been detected
1s a DVS used to supply the remaiming balancing stimulus.

10

15

20

25

30

35

40

45

50

55

60

65

4

Examples described herein may realize high-voltage,
bulk-CMOS stimulator front-end circuitry which may pro-
vide: 1) voltage compliance decoupled from the VDD-rating
of the mmplementing transistors; 2) the ability to drive
charge-balanced, current-regulated stimulus through a wide
range of 7., from resistive to capacitive (e.g. “clectrode-
invariant” performance); and 3) a design which 1s scalable
across nm-scale CMOS technologies, leveraging the tran-
sistor as a switch as much as possible.

Examples described herein may provide analog and digi-
tal highly-integrated front-end circuitry for biphasic stimu-
lus signal delivery which may find use 1n neural stimulation
devices and systems.

Example analog front-end circuitry described herein may
be used to drive constant-current biphasic stimulus, with
voltage compliance decoupled from the VDD-rating of the
implementing transistors; instead, the voltage compliance
may only be restricted by the voltage limitations imposed by
more voltage-tolerant structures like metal-to-metal capaci-
tors, and/or, for example m a bulk-CMOS process, the
reverse breakdown voltage of the p-substrate-to-deep-n-well
junction.

FIG. 1 1s a schematic illustration of a chip for neural
stimulation arranged in accordance with examples described
herein. The chip 102 includes digital logic circuitry 110,
analog front-end circuitry 108, electrode 106, and electrode
104. The chip 102 may be implemented using a portion of
a silicon substrate, although other substrates of other or
additional materials may additionally or instead be used
including, but not limited to, glass, oxide, polysilicon,
polyimide, other polymers or flexible substrates, or combi-
nations thereof. The digital logic circuitry 110 and analog
front-end circuitry 108 may be integrated on the same chip
102. Integration on the same chip generally refers to the
digital logic circuitry 110 and analog front-end circuitry 108
sharing at least a portion of a same substrate. For example,
at least some devices used to implement the digital logic
circuitry 110 and the analog front-end circuitry 108 may be
fabricated on the same substrate. Fabrication on the same
substrate may refer, for example, to the use of at least
portions of a same process tlow (e.g. a CMOS process tlow).
Fabrication 1n the same substrate may refer, for example, to
portions of a same substrate being used to form portions of
the transistors 1n the digital logic circuitry 110 and the
analog front-end circuitry 108. The chip 102 may be a
portion of a larger substrate, e.g. a waler, sheet, or roll, on
which multiple products may be fabricated and diced, cut, or
otherwise divided into individual units, such as the chip 102.

The electrode 106 and electrode 104 may be externally-
accessible electrodes. For example, they may have one or
more conductive surfaces which are able to be electrically
connected to other structures (e.g. electrodes for contacting
biological tissue for neurostimulation, return electrodes for
contacting biological tissue for neural stimulation, skull
screws, or other neural stimulation or recording structures).
In some examples, the electrode 104, electrode 106, or both,
may themselves have a shape suitable for neural stimulation
and/or recording (e.g. may have protrusions, needle-like
shapes, screw-like shapes, or other features for stimulating
and/or recording neural structures). The electrode 104, elec-
trode 106, or both, may be implemented generally using any
of a variety ol conductive materials including, but not
limited to metals such as aluminum, titanium, or copper.
Generally, the analog front-end circuitry 108 may provide

biphasic, constant-current stimulus signals to the electrode
106 and electrode 104.
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The chip 102 may include additional externally-acces-
sible pads (e.g. pins or I/O) or other electronic connectors.
For example, pads may be included for power supply,
reference, current source, clock, or other signals utilized by
the analog front-end circuitry 108 and/or digital logic cir-
cuitry 110. In some examples, pads may be provided for
input and/or output to and/or from the chip 102, such as pads
for data input and/or output which may be compatible with
electronic communication standards such as, but not limited
to, USB or HDMI. Pads may be externally connected to an
clectrode, e.g. for interfacing with biological tissue, tluid,
and/or 10ns.

The digital logic circuitry 110 may be fabricated on the
substrate of the chip 102. The digital logic circuitry may
include any of a variety of circuit elements including tran-
sistors, capacitors, inductors, and/or resistors. Elements,
such as transistors, used to mmplement the digital logic
circuitry 110 may generally be designed for operation with
a particular power supply voltage, and/or for a plurality of
power supply voltages. The particular power supply voltage
or voltages may be a low power supply voltage 1n examples
described herein, such as but not limited to, less than 0.8 V
in some examples, less than 0.9 V 1n some examples, less
than 1.0 V 1 some examples, less than 1.1 V 1n some
examples, less than 1.2 V in some examples, less than 1.3 V
in some examples, less than 1.4 V 1n some examples, less
than 1.5 V 1n some examples, less than 1.6 V 1n some
examples, less than 1.7 V 1n some examples, less than 1.8 V
in some examples, less than 1.9 V 1n some examples, less
than 2.0 V 1 some examples, less than 2.1 V 1n some
examples, less than 2.2 V in some examples, less than 2.3 V
in some examples, less than 2.4 V 1n some examples, less
than 2.5 V 1 some examples, less than 2.6 V 1n some
examples, less than 2.7 V in some examples, less than 2.8 V
in some examples, less than 2.9 V 1n some examples, less
than 3.0 V 1 some examples, less than 3.1 V 1n some
examples, less than 3.2 V in some examples, less than 3.3 V
in some examples, less than 3.4 V 1n some examples, less
than 3.5 V 1n some examples. Common transistor fabrication
processes may provide transistors rated for a 1V power
supply, 2.5V power supply, or 3.3V power supply, for
example. The power supply voltage may be referred to as
V. herein (e.g. a voltage at a drain of a transistor). The
transistors 1n the digital logic circuitry 110 may, for example,
have deleterious eflects (e.g. oxide breakdown) when using
power supplies greater than the designed power supply
voltage. It 1s this designed power supply voltage which may
limit the voltage output range of existing neural stimulation
analog front-end circuitry fabricated 1n a same process as the
digital logic circuitry 110.

Instead of or in addition to digital logic circuitry 110, the
chip 102 may include other blocks for implantable neural
interface implementation including, but not limited to, bias-
ing blocks, power regulation blocks, neural recording cir-
cuitry, analog/mixed-signal neural networks, a digital signal
processor, memory, wireless interface circuitry, wireless,
power circuitry, energy harvesting circuitry, or combinations
thereof. The digital logic circuitry 110 and/or other blocks
for implantable neural interface implementation may
include CMOS celectronics (e.g. digital, analog, and/or
mixed signal) for which the power voltage level used by the
clectronics (e.g. Vdd) 1s at or below device ratings.

The analog front-end circuitry 108 may also be fabricated
on the substrate of the chip 102. The analog front-end
circuitry 108 may include any of a variety of circuit elements
including transistors, capacitors, inductors, and/or resistors.
Circuit elements of the analog front-end circuitry 108 may
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also be designed for operation with the same particular
power supply voltage as the digital logic circuitry 110.
However, the analog front-end circuitry 108 may provide a
biphasic stimulus signal having a voltage amplitude greater
than the power supply voltage used to implement the circuit
components. In some examples, the biphasic stimulus signal
has a voltage amplitude greater than two times the power
supply voltage. In some examples, the biphasic stimulus
signal has a voltage amplitude greater than three times the
power supply voltage. In some examples, the biphasic
stimulus signal has a voltage amplitude greater than four
times the power supply voltage. In some examples, the
biphasic stimulus signal has a voltage amplitude greater than
five times the power supply voltage. In some examples, the
biphasic stimulus signal has a voltage amplitude greater than
s1x times the power supply voltage. In some examples, the
biphasic stimulus signal has a voltage amplitude greater than
seven times the power supply voltage. In some examples,
the biphasic stimulus signal has a voltage amplitude greater
than eight times the power supply voltage. In some
examples, the biphasic stimulus signal has a voltage ampli-
tude greater than nine times the power supply voltage. In
some examples, the biphasic stimulus signal has a voltage
amplitude greater than or equal to ten times the first power
supply voltage. In some examples, the biphasic stimulus
signal has a voltage amplitude greater than or equal to
twenty times the first power supply voltage. In some
examples, the biphasic stimulus signal has a voltage ampli-
tude greater than or equal to thirty times the first power
supply voltage. For example, in some examples described
herein, transistors used to implement the analog front-end
circuitry 108 may be designed for operation with power
supplies of 1V and 2.5V, while the biphasic stimulus signal
may have a voltage amplitude of 10V or greater 1n some
examples, 20V or greater in some examples, 30V or greater
in some examples. Generally, any output voltage may be
achieved which may be subject to the chip technology
involved (e.g. for bulk CMOS, a limit may be the reverse
breakdown voltage which may vary from process to pro-
CEsSs).

The analog front-end circuitry 108 may provide the
biphasic stimulus signal between the electrode 106 and the
clectrode 104. The biphasic stimulus signal may generally
be implemented using a signal having two phases—a first
phase having a voltage and current amplitude of one polar-
ity, and a second phase having a voltage and/or current
amplitude of an opposite polarity. The biphasic stimulus
signal may be a constant-current signal providing a constant
current amount 1n a first direction followed by a constant
current amount 1n a second direction. In some examples, the
current of the leading phase 1s negative (e.g. 1s being sourced
into the return electrode), which may serve to depolarize
neurons near the active electrode, while the current of the
next phase, which may be referred to as the balancing phase,
1s positive (e.g. 1s being sourced nto the active electrode),
and of equal amplitude and duration as the leading phase, as
to make the stimulus charge-balanced. The biphasic stimulus
signal may have a pulse-width (e.g. the duration of each
phase of a biphasic pulse), a pulse amplitude, and a pulse
frequency (e.g. a rate at which biphasic pulses are deliv-
ered). Depending on the stimulation application and elec-
trodes used, the stimulus parameters may vary significantly.
However, generally, stimulus amplitudes may fall between
10 uA and 10 mA, pulse-widths between 10 us and 1 ms, and
pulse frequencies below 300 Hz, although other parameters
may be used 1n other examples. The constant-current ampli-
tude of the first phase may not match the second phase in
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some example biphasic pulses. Generally, values for the
parameters may be chosen such that total charge delivered in
a biphasic pulse may be around O.

The analog front-end circuitry 108 may be implemented
using a sink-regulated H-bridge. In some examples, the chip
102 may further include a controller configured to cycle the
H-bridge (and/or dynamic voltage supplies used to provide
voltages for the biphasic stimulus signal) through a plurality
ol states to provide the biphasic stimulus signal.

The digital logic circuitry 110 and the analog front-end
circuitry 108 may be 1n electronic communication with one
another such that the digital logic circuitry 110 may, for
example provide stimulus signals for use by the analog
front-end circuitry 108. The analog front-end circuitry 108
may provide neural recordings for storage and/or processing,
by the digital logic circuitry 110. The digital logic circuitry
110 may be used to communicate with other electronic
devices not shown i FIG. 1 through off-chip wired and/or
wireless interfaces, including, but not lmmited to, Wi-Fi,
Bluetooth, or combinations thereof.

FIG. 2 1s a schematic illustration of analog front-end
circuitry having an H-bridge topology arranged in accor-
dance with examples described herein. The analog front-end
circuitry 202 includes node 204 and node 206, high voltage
adapter circuitry (HVA), including HVA 210 and HVA 212,
a current digital-to-analog converter (current DAC 208),
current driver circuitry 234, current driver circuitry 236, and
switches including switch 216, switch 218, switch 220,
switch 222, switch 224, switch 226, switch 228, and switch
230. The analog front-end circuitry 202 may be used to
implement the analog front-end circuitry 108 of FIG. 1, for
example.

One side of the H-bridge topology of FIG. 2, the node 204
1s connected to switch 218, which may couple and/or
decouple the node 204 to the current driver circuitry 234.
The node 204 1s also connected to HVA 210. The HVA 210
1s connected to three switches, switch 220, switch 224, and
switch 228. Switch 220 may couple and/or decouple the
HVA 210 from a voltage comparator (not shown in FIG. 2
but indicated by V -, ). The switch 224 may couple and/or
decouple the HVA 210 from a reference voltage (ground 1n
the example shown 1n FIG. 2). The switch 228 may couple
and/or decouple the HVA 210 from the current DAC 208.

On another side of the H-bridge topology of FIG. 2, the
node 206 1s connected to switch 216, which may couple
and/or decouple the node 206 to the current driver circuitry
236. The node 206 15 also connected to HVA 212. The HVA
212 1s connected to three switches, switch 222, switch 226,
and switch 230. Switch 222 may couple and/or decouple the
HVA 212 from a voltage comparator (not shown in FIG. 2
but indicated by V ., ,»). The switch 226 may couple and/or
decouple the HVA 212 from a reference voltage (ground 1n
the example shown 1n FIG. 2). The switch 230 may couple
and/or decouple the HVA 210 from the current DAC 208.

While the analog front-end circuitry 202 of FIG. 2 1s
shown with two sides (e.g. legs) of an H-bridge circuitry,
other numbers of legs may be used 1n other examples, for
example where more than one stimulus electrode may be
used with a shared return electrode. Each side may include
respective current driver circuitry, node, HVA, and switches
similar to those shown 1n FIG. 2. For example, current DAC
208 may be shared amongst additional circuit legs, such that
the “H-bridge” topology (which may not actually then be an
‘H’ 1in shape), may have 2, 3, 4, 5, 6, 7, 8, 9, 10, or other
numbers of legs 1n some examples to provide for a stimulus
signal delivered between 2, 3, 4, 5, 6, 7, 8, 9, 10, or other
numbers of electrodes.
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The node 204 and the node 206 may be implemented
using electrodes and/or electrically connected to electrodes
for neural stimulation of tissue 214. One clectrode may be
referred to a stimulus (e.g. active) electrode and another as
a return electrode. Generally any type of tissue may be
stimulated 1n accordance with examples described herein,
including, but not limited to, brain, spine, nerve, muscle,
organ, or combinations thereof. The node 204 and the node
206 may be used, for example, to implement (and/or may be
implemented by) the electrode 104 and electrode 106 of
FIG. 1.

The current driver circuitry 234 and current driver cir-
cuitry 236 are shown using an op-amp symbol, and 1n some
examples may be implemented using op-amps, however the
op-amp symbol 1n FIG. 2 1s mntended to be merely repre-
sentative of the feedback functionality of the current driver
circuitry 234 and current driver circuitry 236. The current
driver circuitry 234 and current driver circuitry 236 are each
configured to provide high voltages (e.g. stimulus voltages).
The high voltage produced by current driver circuitry 234
and current driver circuitry 236 may be the high voltage of
a biphasic stimulus signal described herein, for example
with return to FIG. 1. In some examples, the current driver
circuitry 234 and current driver circuitry 236 include respec-
tive switched-capacitor power supplies for provision of the
high voltage (Vs and V6 as shown in FIG. 2). The
high voltage may be a voltage that 1s larger (e.g. twice as
large or greater, three times as larger or greater, or ten times
as large or greater) than a power supply used to supply
transistors of the analog {ront-end circuitry 202, for
example, as described with reference to FIG. 1.

The current driver circuitry 234 and current driver cir-
cuitry 236 may each include a dynamic voltage supply
(DVS, e.g. a switched-capacitor power supply) and may
generally operate in two modes, 1) a first mode to supply
stimulus current while dynamically generating a 0O-to-
VMAX voltage that may be suflicient to keep the current
DAC 208 from dropping-out (e.g. keeps current DAC 208
devices 1n saturation) and 2) a second mode to subsequently
track a discharging electrode voltage back down to low
voltages, as to keep the attached HVA 210 or HVA 212
properly biased and the switch to the electrode (e.g. a diode)
ofl. Accordingly, the current driver circuitry 234 and current
driver circuitry 236 may each include a controller, which
may be a clocked controller, used to cycle the analog
front-end circuitry 202 through various states described
herein.

The HVA 210 and HVA 212 are coupled to node 204 and
node 206 respectively. The HVA 210 and HVA 212 may
protect the current DAC 208, which may operate on lower
voltages than provided by the stimulus signal, from the node
204 and node 206 which may be placed at a higher voltage
than suitable for the current DAC 208 by the stimulus signal.
The HVA 210 and HVA 212 may eflectively be considered
to function as conducting, high-voltage-tolerant NMOS
devices (e.g. with gates biased to a low-voltage), and accord-
ingly protect the “low-side” circuits (e.g. switches and
current-DAC) from potentially high electrode voltages
while allowing these same circuits to interface with the
clectrodes. Each HVA may be provided with a bias voltage,
and the mput impedance of the HVA bias may be high as
seen by the source of the bias (e.g. the dynamic voltage
supply on a same side of the H-bridge topology). High
impedance ol the HVA bias generally refers to the imped-
ance being purely or nearly purely capacitive. To aid 1n
proper HVA function, the bias voltage may be approximately
equal to the voltage of the electrode the HVA interfaces with.
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Accordingly, each HVA may be provided this bias input
from the DVS on the same side of the H-bridge, which may
be kept at the same voltage (approximately) as the electrode
throughout stimulus delivery via current driver operation.

The current DAC 208 may be implemented using any
suitable current source, and may be implemented 1n a bulk
CMOS process. As shown, the current DAC 208 1s arranged
in a sink configuration such that the analog front-end cir-
cuitry 202 provides a current-sink topology where current 1s
sunk through the two sides of the H-bridge by the current
DAC 208.

All or some of the switches shown 1n FIG. 2, including
switch 216, switch 218, switch 220, switch 222, switch 224,
switch 226, switch 228, and switch 230 may be implemented
using diodes, transistors, fuses, or combinations thereof. The
switches may be controlled by the current driver circuitry
234 and current driver circuitry 236 to provide for delivery
of a biphasic voltage signal, 1n some examples with a
constant-current (e.g. a stimulus signal). The stimulus signal
may in some examples be delivered 1n a manner which 1s
invariant (or has improved invariance) to the capacitive
and/or resistive behavior of the tissue 214.

Each node 206 and node 204 via an HVA, may be
connected to the current DAC 208, reference voltage (e.g.
ground), or to a shared comparator (CMP) by properly
configuring the corresponding switches (e.g. Switch 220,
switch 224 and switch 228 1n the case of the node 204 and
switch 222, switch 226 and switch 230 1n the case of node
206). Those six switches may be referred to as “low-side”
switches. Fach side has a dedicated low-side switch set,
including the three mentioned switches. The shared com-
parator may be used during stimulus delivery (e.g. during
the discharge of 7. via the stimulus current) to detect when
the current DAC 208 voltage falls under the current DAC
dropout voltage where the transistors have a high output
resistance, and high current accuracy region of the current
source; €.2. V.. (Vz—~V,), or V., depending on the
nomenclature, and assuming a MOS device, while V -z 547
for a Bipolar device. Like the current DAC 208, no special
voltage precautions need to be taken 1n implementing these
switches, or the comparator, since all interface with the
voltage-protected, low-side of an HVA.

The “high-side” switches (e.g. Switch 216 and switch
218) directly mterface with the nodes node 206 and node
204, which may be at high voltages, and therefore the
implementation of these switches may be more complex.

However, when a given node 1s at a high-voltage, a
current driver circuit will generally be forcing the corre-
sponding supply voltage to an approximately equal level,
resulting in a low-voltage (e.g. =VDD) across the associated
high-side switch; this can give the designer flexibility 1n the
way the high-side switches are implemented. However, in
some examples, for simplicity and robustness, diodes (e.g.
with the n-terminal connected to the electrode) may be used
to 1implement switch 216 and switch 218, with ON/OFF
functionality provided by the current dniver controlled
operation of the high voltage power supplies.

Accordingly, examples of analog front-end circuitry
described herein may require the use of only two specialized
circuits (e.g. DVSs and HVAs), with other functionality
provided by circuits that can be implemented using standard,
low-voltage topologies. The DVS may be implemented as a
switched based structure and the HVA may be implemented
using a fairly passive circuit that mainly relies on the
operation of the DVS 1n feedback to protect the low-side
circuits from potentially high electrode voltages. Consider-
ing the implementation of these “specialized” blocks and
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that the remainder of the front-end 1s made up of switches,
digital circuits can be used to directly control most, 1f not all,
of the dniver. Accordingly, a state-machine can be used to
guide the front-end circuitry through the various states to
result 1n biphasic, constant-current stimulation.

Generally, the front-end circuitry described herein may be
controlled (e.g. progressed through states) by a digital finite
state machine. Each front-end state may have an associated
current driver circuitry (active), current driver circuitry
(return), HVA(active), and HVA(return) configuration, as
well as an associated configuration of the set of low-voltage
switches which sits under an HVA (e.g. 2 1dentical sets, one
for each side of h-bridge): each current driver circuitry may
be provided with bus (e.g. a three-bit bus), the decoded value
of which may set 1ts configuration (e.g. TRACK, SUPPLY,
RESET, OFF); each HVA may be provided with a bus (e.g.
a 2 bit bus), the decoded value of value of which sets 1ts
configuration; and each switch may be provided with a bus
(e.g. a 3 bit bus), the decoded value of which sets its
configuration (e.g. connected to ground, connected to IDAC,
connected to comparator, etc.).

In some examples, the outputs of a front-end controlling
digital state-machine are provided on these digital busses,
and the state-machine may be implemented be on-chip.
However, 1n some examples, state-machine timing may be
controlled off-chip with a micro controller, and a bus (e.g. a
4 bit bus encoding the front-end state) may be provided to
the chip as mput. For example, the bus provided to the chip
as mput may carry the bits which are the “select” inputs to
an on-chip multiplexer structure, which may select the set of
bus values (which 1n some examples may be previously
loaded onto the chip with serial I/O scan chain, for all states,
for example) to forward to the front-end blocks (e.g. current
driver circuitry, HVAs, switch-sets).

FIG. 3 1s a schematic 1llustration of the analog front-end
circuitry 202 of FIG. 2 1n various operational states. Same
reference numbers are used for the circuit components and
generally only the connected circuit components are shown
in each state. Disconnected circuit components are mini-
mized and/or not shown to assist in clarity. The states are
numbered 1 through 6, and a depiction of the biphasic
stimulus signal 1s shown 1n each state to aid 1n understanding
which portion of the biphasic stimulus signal 1s delivered in
cach state. Generally, the current driver circuitry 236 and
current driver circuitry 234 may control the analog front-end
circuitry 202 to move through the phases shown in FIG. 3.

In the sequence of states, to account for “‘capacitive-
looking™ electrodes (e.g. capacitive behavior of tissue 214),
the analog front-end circuitry 202 may use the balancing
stimulus to discharge 7., which may hold a high voltage
alter the leading stimulus pulse 1s delivered (e.g. State 4 1n
FIG. 3). In some example, only after a low voltage com-
parator (CMP) detects Z. to be discharged 1s a dynamic
voltage supply (e.g. a high voltage DVS) used to deliver the
remaining balancing stimulus current.

With reference to FIG. 2 and FIG. 3 the “active” electrode
will be referred to as the node or electrode that sees negative
stimulus current (positive current being drawn out of the
clectrode) during the leading pulse, and positive stimulus
current (positive current being sourced into the electrode)
during the balancing pulse, while the “return” electrode sees
the opposite current polarity. Because some example front-
end circuitry described herein 1s symmetrical across 7, and
mostly digitally controlled, the nodes can be configured (and
reconfigured on-the-fly) as active/return or return/active.

For purposes of discussion, the node 206 will be desig-
nated as the active electrode (and node 204 as the return).
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Accordingly, FIG. 3 illustrates how the FIG. 2 analog
front-end circuitry 202 1s guided through a specific sequence
of “states” (with each state having a different front-end
configuration) to drive biphasic, constant-current stimulus
through tissue 214.

In a first state (labeled ‘1’ in FIG. 3), the analog front-end
circuitry 202 may be 1n an ‘1dle’ state. The dynamic voltage
supplies of the current driver circuitry 234 and the current
driver circuitry 236 may be inactive and have fully dis-
charged outputs, while the node 206 and node 204 are
shorted to a reference voltage (e.g. chip ground, OV).

Accordingly, the reference voltage may be provided at both
the node 206 and the node 204 by connecting the HVA 210
and the HVA 212 to the reference voltage (e.g. by closing
switch 226 and switch 224) and disconnecting the node 204
and node 206 from the high voltages (e.g. by openming and/or
turning ofl switch 216 and switch 218). Since neither DVS
1s being actively controlled, the power consumption associ-
ated with this state may be low. Furthermore, since both
DVSs are discharged to OV (e.g. the same voltage as the
clectrodes) there may be little DC leakage 1nto the tissue. In
an alternative configuration, just one electrode may be
shorted to the reference voltage, e.g. OV, (for example, the
node 204), while the other electrode see high-impedance
(high-7); 1n this alternative configuration the DV Ss may still
remain discharged and inactive.

In a second state (labeled ‘2 mm FIG. 3), the analog
front-end circuitry 202 may be 1n a state providing a
negative stimulus. The current driver circuitry 236 may be
coupled to the node 204 to provide a high voltage (e.g.
V. ,.x) to the node 204. Accordingly, the switch 218 may be
closed and/or on. The HVA 212 may be connected to the
current DAC 208 (e.g. by closing and/or turning off the
switch 230). The HVA 210 may be disconnected from the
current DAC 208 and the reference voltage (e.g. by opening
the switches switch 228 and switch 224).

In this manner, the current DAC 208 1s connected to the
active-side of the H-bridge, the dynamic voltage supply of
the current driver circuitry 236 1s connected to the return
clectrode (e.g. Node 204), and the current driver circuitry
236 may be activated 1n its supply configuration (modeled
by the op-amp shown 1n FIG. 2 and FIG. 3). As a result,
negative 1., current 1s seen by the active electrode (e.g.
Node 206) while the return DVS sets the return electrode
voltage (e.g. Node 204), as needed, to keep the current DAC
208 voltage above the IDAC dropout voltage, e.g. above the
transistor V ,___ (e.g. as to maximize the stimulator compli-
ance); assuming a low-headroom IDAC design 1s used, V
may be no higher than a few hundred millivolts.

In a third state (labeled 3’ in FIG. 3), the analog front-end
circuitry 202 may be in an interphase delay state.

dsat

This state
may have a short duration, and begins after delivery of the
leading pulse of the biphasic stimulus signal. The node 204
1s disconnected from the current driver circuitry 236 (e.g. by
closing or turning off switch 218). The HVA 212 1s con-
nected to the reference voltage (e.g. by closing or turning ol
switch 226). The HVA 210 is connected to the voltage
comparator (e.g. using closing or turning oil the switch 220).

Except for the switch 220, which connects the low-side of
the return HVA 210 to the high-impedance, negative input of
the comparator, all switches on the return-side of the
H-bridge may be open or turned off. Accordingly, looking
into the return-side of the H-bridge, the return electrode sees
high-impedance. To keep 7. from floating, the active elec-
trode (via the active HVA 212) may be connected to ground

(e.g. through the switch 226).
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If Z. exhibits capacitive characteristics, a significant
traction of the voltage developed across Z,. by the end of the
previous state (which may be significantly higher than
VDD) may be maintained across Z. during this state. Addi-
tionally, the voltage applied to the active electrode at the
State 2 to State 3 transition will result 1n a negative voltage
shift at the return electrode, and the return electrode voltage
may decrease during the interphase delay due to Z,. self-
discharge.

Accordingly, the return current driver circuitry 236 1is
placed 1n its track configuration (e.g. modeled by op-amp in
FIG. 3), forcing the return DVS to track a potentially falling
Vg (e.g. dV g z/dt<0).

This action primarily keeps the return HVA 210 properly
biased (e.g. keeps V 55 x=V £ z), but also keeps the voltage
across switch 218 approximately zero, which may be advan-
tageous, 1n terms of device reliability, 1n some examples,
depending on the implementation of said switch.

The voltage comparator 1s connected during this state to
allow 1ts input capacitance to equalize with the voltage at the
low-side of the HVA 210, so that, if needed, the dropout of
the current DAC 208 can be detected right as State 4 begins
(e.g. 11 Z . 1s mostly resistive). Accordingly, the comparator
1s being “primed” for a decision to-be-made 1n the next state,
while being eflectively disabled, with the comparator output
ignored by an inactive dropout detection block.

In a fourth state, the analog front-end circuitry 202 1s 1n
a positive stimulus through impedance (e.g. Z.) discharge
state. The HVA 212 may be connected to the reference
voltage (e.g. by closing or turning off the switch 226). The
HVA 210 may be connected to the current DAC 208 and the

voltage comparator (e.g. by closing and/or turning off switch

224 and switch 220).

Generally, the same configuration utilized 1n the previous
state (the third state) may be maintained, except the node
204, via the HVA 210, 1s connected to the current DAC 208
(in addition to being connected to the dropout detecting
voltage comparator).

As the current DAC 208 discharges 7. via sinking 1.,
the return electrode voltage falls (as the return DVS tracks
it) and the active electrode (e.g. Node 206) sees positive
I Accordingly, at some point during this state the return
clectrode voltage, and therefore the current DAC 208 volt-
age, will approach the V, ., ot the current DAC 208. But at
the point of dropout, the 0 to 1 transition at the output of the
comparator triggers the active dropout detector, which
forces the front-end to transition to the configuration of the
next state.

In a fifth state, the analog front-end circuitry 202 1s 1n a
positive stimulus through active current driver circuitry
state. The current driver circuitry 234 may be connected to
the node 206 (e.g. by closing or turning off the switch 216)
to provide the high voltage to the node 206. The HVA 210
may be connected to the current DAC 208 (e.g. by closing
and/or turning ofl the switch 228). The HVA 212 may be
disconnected from the current DAC 208 and the reference
voltage (e.g. by opeming and/or turning off the switch 226
and switch 230).

The remainder of the balancing biphasic stimulus pulse 1s
delivered by disconnecting the reference voltage (e.g.
ground) from the node 206, connecting the DVS of the
current driver circuitry 234 (initially at OV) to the node 206,
and placing the current driver circuitry 234 in its supply
configuration. Accordingly, complementary to the State 2
front-end configuration, the current DAC 208 regulates

positive 1., through the node 206 while the active DVS
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supplies the stimulus current and has 1ts voltage increased to
keep the current DAC 208 voltage at V, ..

In a sixth state, the analog front-end circuitry 202 1s 1n a
/.. discharge state. The node 206 may be disconnected from
the current driver circuitry 234 (e.g. by opening and/or
turning oil the switch 216). The HVA 210 may be connected
to the reference voltage (e.g. by closing and/or turning on the
switch 224).

Due to a non-linear 7, and/or 7, having both capacitive
and faradaic transduction mechanmisms, a non-zero voltage
may exist across 7. alter well-balanced biphasic stimulus
has been successiully delivered. This residual charge can
either be allowed to passively discharge using the configu-
ration shown 1n sixth state, or, with a slightly modified
configuration, be forced to discharge by connecting the node
206 (via the HVA) to ground. In either case the active PCD
(e.g. Current driver circuitry 236) 1s placed in its track
configuration, to force 1ts DVS to track the node 206 back
down to OV. Once Z. 1s fully discharged, the driver can be
returned to the State 1 (e.g. Idle) configuration.

If a charge-balanced wavetorm has already been delivered
and no blocking capacitors are used, then “passive dis-
charge” may be employed to assure charge balance 1is
maintained (e.g. without the application of auxiliary charge-
balancing circuitry). However, 1f a blocking capacitor does
exist in the stimulus path, then the “forced discharge”
method can be readily employed, and the time-constant/
magnitude of the discharge current can be modified, it
desired, by adjusting the resistance of the switch connecting
the active electrode to ground.

The transitions between the states shown in FIG. 3,
including the control of any or all described switches, may
be performed by the current driver circuitry described
herein, which may include controllers configured to control
the progression of states shown in FIG. 3.

FIG. 4 1s a schematic illustration of current driver cir-
cuitry arranged in accordance with examples described
herein. The current driver circuitry 402 as shown includes
current DAC 404, switches 406, HVA 408, impedance 410,
node 412, switch 414, DVS 416, comparator 418, transform
420, controller 422, PLL 424, and comparator 426. All or
portions of the current driver circuitry 402 may be used to
implement the current driver circuitry 234 and/or the current
driver circuitry 236 of FIG. 2 and FIG. 3. For ease of
description, FIG. 4 illustrates components of the current
driver circuitry 402 which overlap with components of the
analog 1front-end circuitry 202 shown i FIG. 2. For

example, the current DAC 404 may correspond with current
DAC 208 of FIG. 2. The switches 406 may correspond with

the switch 220, switch 224, and switch 228 of FIG. 2 (or the
switch 222, switch 226, and switch 230). The HVA 408 may
correspond with the HVA 210 or HVA 212 of FIG. 2. The
impedance 410 may correspond with the tissue 214 of FIG.
2. The node 412 may correspond with the node 206 or node
204 of FIG. 2. The switch 414 may correspond with the
switch 218 or switch 216 of FIG. 2. Accordingly, the
depiction of the current driver circuitry 402 includes por-
tions of the analog front-end circuitry 202 for ease of
description.

In delivering biphasic constant-current stimulus, the pro-
posed H-bridge front-end utilizes the coordinated operation
of two current driver circuitry instantiations (e.g. positive-
current driver (PCD) sub-systems), each controlling the
output voltage of a dedicated dynamic voltage supply
(DVS). The “PCI)” nomenclature may be used in part
because a function of the sub-system 1s to drive positive
stimulus current into 1ts associated electrode. Additionally,
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another or alternate function of a PCD may be to force 1ts
associated DVS to track the falling voltage of the same
clectrode, when no stimulus 1s supplied, so that all nodes
within the PCD can be safely returned to low voltages.

The DVS 416 may be used to supply stimulus current
across a voltage range of OV to V, .+~ When unloaded (e.g.
when the switch 414 at the DVS output 1s open) the DVS
may be used to track the potentially falling voltage of the
clectrode that lies on the same side of the H-bridge.

Internally, the DVS 416 may be implemented using a
switched-capacitor topology and operation, and varnable
voltage may be achieved at its output by being able to source
and sink switched-capacitor current to an output capacitor.
The SOURCE/SINK control bit shown as an mput to DVS
416 may set the direction in which switched-capacitor
current flows through the DVS 416, and the drive strength
of the DVS 416 may be set by the frequency of the mput
pulse signal, ®, which may be transformed to complemen-
tary pulse signals ®A and ®B by the transform 420 before
being used to directly drive the DVS 416. As the frequency
of @ 1s increased (within a range the DVS 416 1s designed
for), quanta of charge may move through the DVS 416 at a
higher rate, resulting 1n higher switched-capacitor current.
When loaded by a constant-current and placed 1n 1ts
SOURCE setting, the DVS 416 may be modeled as having
a linear relationship (with negative slope) between output
voltage (average output voltage) and the period (e.g. average
period) of ®. When unloaded and 1n the SINK setting, the
output of the DVS 416 can be discharged in a controlled
fashion (e.g. to as low as 0V), with each pulse of ®
producing a small —AV at the DVS output.

When current driver circuitry 402 1s activated, closed-
loop feedback may be utilized to set the output voltage of the
DVS 416; the error signal used to close the loop may be
generated by one of the comparators shown 1n FIG. 4. The
eSUPPLY generating comparator 426 may be used to com-
pare the detected current DAC 404 voltage to the desired
current DAC 404 voltage (e.g. V , ., the IDAC dropout
voltage). This comparator 426 may be shared by multiple
instantiations of current driver circuitry (e.g. both current
driver circuitry 234 and current driver circuitry 236 of FIG.
2 may share the comparator 426) since generally only one
current driver circuitry instantiation 1s active at a time).
Furthermore, comparator 426 may additionally or instead
serve as the dropout detecting comparator since eSUPPLY-
driven PCD) feedback 1s generally not used when dropout
detection 1s used.

The eTRACK generating comparator 418 uses two 1den-
tical capacitive dividers to compare the DVS output voltage
to the voltage of the electrode that 1s on the same side of the
H-bridge, and the capacitive dividers have sutlicient division
ratios to protect the comparator inputs from voltages exceed-
ing VDD. The divided down DVS and electrode voltages are
being measured from high-impedance nodes, and therefore,
these sense signals may be sensitive to charge-injection and
capacitive feed-through. Accordingly, each current driver
circuitry may have a dedicated eTRACK generating com-
parator (e.g. Comparator 418), as to avoid the use of
switches that would otherwise link the divider nodes of two
instantiations of current driver circuitry 1f a shared e TRACK
generating comparator was instead employed.

Betore (or after) the H-bridge front-end has completed the
stimulus delivery state-cycle, the capacitive divider of each
current driver circuitry subsystem may be reset, so that each
can be forced to known (e.g. i1dentical) operating points
between stimulus delivery events. For a given current driver
circuitry subsystem, the capacitor dividers may be reset by
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1) closing the switch attached to the internal node of each
divider (e.g. forcing the internal nodes to ground), 2) con-
necting the electrode to ground (via low-side switch and the
relevant HVA) and 3) discharging the DVS to OV by placing
it 1n 1ts SINK setting and forwarding pulses to 1t; this reset
can be applied to both current driver circuitry subsystems at
some point during State 1 (the “1dle™ state), described with
reference to FIG. 3.

The output of either comparator 418 and/or comparator
426 may be used by the current driver circuitry 402 to gate
pulses of the IDVS clock signal, with the resulting signal
being D, the pulse signal that 1s forwarded to the DVS. The
error signal that 1s used as the pulse-gating signal may
depend on the configuration the current driver circuitry 402
1s placed 1n.

FIG. 5 1llustrates schematic examples of two configura-
tions of the current driver circuitry 402 of FIG. 4. The same
reference numbers are used for like components.

When placed i the supply configuration the current
driver circuitry 402 sets the output voltage of the DVS 416
to keep the voltage across the current DAC 404 approxi-
mately equal to a desired set voltage (e.g. Vd,sat) as the
current DAC 404 regulates 1., .through impedance 410. As
the DVS 416 supplies positive 1., to the node 412 on the
same side of the H-bridge, the DVS 416 will have 1ts output
voltage (e.g. Vps0) set high enough (e.g. with respect to
Vo) to turn the high-side switch 414 (e.g. a diode) ON.

It 15 known that the load current (I, of the DVS 416
will be constant-current and sinking while the current driver
circuitry 402 1s 1n this configuration, and to maintain a given
output voltage the switched-capacitor-based DVS 416 will
have to supply an offsetting average current. Furthermore,
by assuming the reactive component ol impedance 410
appears capacitive, the voltage measured across impedance
410 may 1n some examples be assumed to have a derivative
(with respect to time) greater or equal to zero (e.g. since
.2, 18 constant-current). Accordingly, the DVS 416 can be
kept 1n 1ts source setting while 1n this configuration and
tDVS pulses can be gated using eSUPPLY, as to produce a
® which has an average period that sets the output high
voltage to the desired level to keep the current DAC 404
voltage at the V ,___ set voltage (on average). This ON/OFF
DVS regulation scheme may prevent or reduce instability
within the current driver circuitry 402 loop; however, there
may be voltage ripple at the DVS output (and subsequently
at both electrodes) of predictable and limited magnitude due
to the switched-capacitor nature of the DVS 416 and the
ON/OFF DVS conduction cycles.

For the DVS 416 to deliver 1., , across 1ts full output
voltage range, the frequency of the pregated pulse signal
(IDVS) may advantageously be made sufliciently high for
the maximum output power condition (e.g. delivering I, ,
at V,, ., +).

When placed 1n the track configuration, the current driver
circuitry 402 1s not delivering stimulus to node 412 and 1ts
assoclated DVS 416 1s unloaded. Meanwhile, on the other
side of the H-bridge the low-side of the HVA 1s set to ground
(see state-cycle m FIG. 3). Accordingly, the track configu-
ration may be provided to force V- ,; to be approximately
equal to V., as to keep the switch 414 (e.g. a diode)
reliably OFF and to keep HVA 408 biased properly (since
Vion may be at any level i the 0V to VMAX range).

The configuration a current driver circuitry instantiation 1s
placed 1n (e.g. SUPPLY, TRACK) may determine: 1) if the
dedicated comparator 418 of the PCD 1s enabled; 2) which
signal 1s used to gate 1DVS pulses mto the DVS (e.g.
eSUPPLY or e TRACK); 3) which SOURCE/SINK setting
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the DVS remains fixed in; and 4) whether the capacitive
divider reset switches are opened or closed. Furthermore,
assuming IDVS can be changed (or multiplexed from a
selection of clocks), then each configuration can be provided
a tailored 1DVS frequency (for a given configuration, it may
be useful to run the DVS at a lower maximum frequency
than in others).

FIG. 6 1s a schematic 1llustration of a stage of a dynamic
voltage supply (DVS) circuit arranged 1n accordance with
examples described herein. The ‘N subscript 1s generally
used to describe an NMOS device, while the ‘P’ subscript 1s
generally used to describe a PMOS device. The stage 602
includes a level shifter 608 coupled to a voltage mput V.
and switch devices 614 and switch devices 616 coupled to
the output of the level shifter 608. The switch devices 614
are coupled to a plate of a pump capacitor Cpump 604. The
switch devices 616 are coupled to a plate of a pump
capacitor Cpump 606. The other plate of the Cpump capaci-
tors are controlled by multiplexers, multiplexer 610 and
multiplexer 612 respectively. An additional transistor 618 1s
provided 1n parallel with one of the switch devices 614 and
connected to the output V., An additional transistor 620
1s provided in parallel with one of the switch devices 616
and connected to the output V ., In this manner, the output
V 517 18 connected to a parallel combination of NMOS and
PMOS ftransistors.

Dynamic voltage supplies used i current driver circuitry
described herein (e.g. DVS 416 of FIG. 4) may be imple-
mented using a multi-stage, switched-capacitor power con-
verter, terminated by a large capacitor (C ;). A single stage
602 of a DVS 1s shown i FIG. 6 implemented as a modified
voltage-doubler, employing two “pumping capacitors” (e.g.
Cpump 604 and Cpump 606) to either source (SRC) or
SINK switched-capacitor current (with equal drive strength)
to and from the output, respectively ({or V=V ,). In
current driver circuitry described herein (e.g. see FIG. 4 and
FIG. 5), a 1-bit error generated by a low-voltage CMP may
be used to gate a high-frequency clock (CLK ) 1nto the
DVS switching signal mput (®), with the resulting unidi-
rectional feedback (e.g. on/off regulation) ensuring loop
stability. The maximum N-stage DVS output voltage (V,,, +)
may be limited only by the reverse-breakdown voltage of the
n-well/substrate junction (=12V for an example CMOS
process); this barrier ultimately limits the compliance of the
analog front-end circuitry, mstead of individual device volt-
age limits.

A stage 602 of a dynamic voltage supply (DVS) 1s shown
in FIG. 6. One or more stages including the stage 602 may
be used to implement dynamic voltage supplies 1n current
driver circuitry described herein, such as the DVS 416 of
FIG. 4. The stage 602 may supply switched-capacitor cur-
rent from V,, to V., (SRC) while establishing a voltage
difference between V ,,~and V ., as well as sink switched-
capacitor current inthe V ,,,-to V.. direction (SINK), which
may allow for or facilitate the sate and feedback-controlled
discharge of the positive-current drivers; for both settings,
O0<V 51—V A<VDD.

In FIG. 6, ®A,B are complementary pulse/clock signals.
Assuming a large output capacitance, the single-stage cir-
cuit, operated 1n both settings, displays the same eflective
internal resistance; this term 1s inversely proportional to
Corsmr and the ®AB frequency, making V.~ linearly
related (approx.) to the “pumping period” under constant-
current loading. When unloaded, V 5,V ;»,Ccan traverse the
OV to V5, span, with rise/fall time determined by the
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internal resistance and output capacitance; the circuit can
maintain V ,, - by setting ®A,B to DC, since there 1s no load
resistor to ground.

Multiplexer 610 and multiplexer 612 are provided and
coupled to drive the bottom-plate of the C,,,,,» capacitors,
Cpump 604 and Cpump 606, as opposed to directly driving
these nodes with ®A and ®B. The use of multiplexer 610
and multiplexer 612 in some examples may allow the
direction the switched-capacitor current to be chosen/
changed: when in the SOURCE setting, the stage 602 (and
DVS) sources, or supplies, switched capacitor current to
Vo when 1n the SINK setting, the stage 602 (and DVS)
sinks, or removes, switched-capacitor current from V .,
Accordingly, when the multiplexer control bit 1s set accord-
ingly (e.g. could be designated low or high) (e.g. source 1s
the active setting), multiplexer 610 and multiplexer 612 may
feed through ®A and ®B (e.g. complementary 50% duty
cycle pulse signals) to the bottom-plates of Cpump 604 and
Cpump 606, and as a result the stage 602 functions as a
voltage-boosting power-converter. When 1nstead the multi-
plexer control bit 1s set high (SINK 1s the active setting),
multiplexer 610 and multiplexer 612 keep the bottom-plate
of the Cpump 604 and Cpump 606 at a reference voltage
(e.g. ground). This operation may ultimately provide a
multi-stage DVS with the current sinking functionality
desired for the safe and controlled discharge of the output
capacitance.

The level shifter 608 circuit, including transistor M,
M., and two capacitors C, ., functions to transform the ®A
and ®B pulse signals into V =DA+V,,, and V,=0PB+V .,
respectively. VA and VB are then applied to the gates of the
top-plate switch devices (e.g. Switch devices 614 and switch
devices 616 including MN1,2.3.4 and MP1,2). Because all
of the gate-driving signals of the DVS circuit are decoupled
from the voltage at the top-plate of the C,,,,,» capacitors,
Cpump 604 and Cpump 606, the DVS circuit may be
operated 1n both 1ts SOURCE and SINK settings, while
other voltage-doubler topologies may only be able to be
operated 1in a SOURCE-equivalent setting.

Note the switch signals have been decoupled from the
C - Capacitors Cpump 604 and Cpump 606 via the M, _
level shitter 608, and the NMOS devices M,,,_, may facili-
tate or allow the complete discharge of the output capacitor
under non-loaded conditions. The presence of the transistor
618 (MN3) and transistor 620 (MN4) may also provide
some advantages 1n some examples. When the DVS 1s 1n 1ts
SINK setting, the transistor 618 and transistor 620 may
allow V .+ to be discharged completely to V.., (e.g. 1f
unloaded by a charge supplying source); 1f the transistor 618
and the transistor 620 were not present, V . may not be
reliably discharged below V,.+Vth,p, where Vth,p 1s the
threshold voltage of the connected devices in the switch
devices 614 and switch devices 616 sets (e.g. the MP1 and
MP2 devices).

Generally, the stage 602 operates as a voltage doubler
circuit. N single-stage DVS circuits can be cascaded 1n
series to generate voltages exceeding V,,. For example
DVS circuits used 1 current drniver circuitry described
herein, V., of the cascaded chain of stages may be set to
ground to enable the desired OV to V,, . output voltage
range during SOURCE-setting operation and to allow V-
to be discharged down to OV during SINK-setting operation.
To prevent the body-eflect from degrading the functionality
of the switches as V,,, and V., of a single-stage circuit
increase (e.g. as these voltages would 1n an N-stage cas-
cade), all NMOS devices shown in stage 602 may be
implemented using deep-n-well (DNW) devices and the
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bodies of the NMOS and PMOS devices may be tied to V,,;
and V., respectively; likewise, the DNW of MN1,2,3.4
may be tied to V ;- while the DNW of MNS5 and MN6 are
referenced to VB and VA, respectively. Accordingly, 1n a
CMOS process the reverse breakdown voltage of the p-sub-
strate-to-deep-n-well (PSUB/DNW) junction may limit the
maximum output voltage that can be generated by a DVS.
The output of an N-stage DVS 1s connected to a large
capacitor, C,,,~ where generally C,,,>>C,,» as to
reduce the amount of ripple observed at the DVS output.

To create high voltages, several stages such as the stage
602 may be cascaded, with a large output capacitor (C, )
attached to the terminating stage. All NMOS {transistors
shown 1in FIG. 6 may be implemented using triple-well
devices, allowing local body-biasing to suppress the body
eftect. The highest voltage (V,,, ) generated by this circuit
1s generally limited by the reverse breakdown voltage of the
p-sub/n-well junction; for an example 65 nm CMOS pro-
cess, this limit 1s approximately 12V. High voltages also
make the use of MiM/MoM capacitors for C,; -, C; o, and
C o desirable. To provide OV to V, ., .- at the output, the
input of the multi-stage supply may be set to a reference
voltage (e.g. chip ground); this connection also provides
enhanced DC power-supply 1solation for the electrodes/
tissue.

FIG. 7 1s a schematic illustration of a high-voltage adapter
(HVA) circuit arranged 1n accordance with examples
described herein. The HVA 702 may be used to implement
any HVA described herein, such as the HVA 408 of FIG. 4,
or the HVA 210 or HVA 212 of FIG. 2. The HVA 702
includes capacitive divider 714 coupled to a DVS. In parallel
with the capacitive divider 714 1s a series of sub-modules
718. The HVA further includes a transistor cascode 704
coupled between a node 706 and other circuitry or reference
voltage (e.g. low voltage circuitry). The other circuitry, may
be for example, a reference voltage (e.g. ground), a com-
parator 710, or a DAC 708. Switches 712 are provided to
make connections between the transistor cascode 704 and
the reference voltage, comparator 710, and/or DAC 708.

A number of stages in the HVA 702 (e.g. number of
transistors 1n the transistor cascode 704 and capacitors 1n the
capacitive divider 714) may be set in accordance with the
voltage rating of the devices used to implement each stage
(e.2. V5p) and the maximum voltage the HVA 702 1s
expected to mterface with (e.g. V . {max)).

The node 706 may be implemented as, or 1n electrical
communication with, a stimulus or return electrode as
described herein. The node 706 may be used to implement,
or may be implemented as, for example the node 412 of FIG.
4 or the node 206 or node 204 of FIG. 2.

The transistor cascode 704 may be implemented using
equally-sized deep-n-well NMOS devices (e.g. transistors)
to provide a safe conduction pathway between node 706
(which may be at high voltages) and low-voltage circuits
(e.g. a reference voltage, such as ground, a comparator 710,
or DAC 708), switches 712 may be provided to connect one
or more of a reference voltage, comparator 710, or DAC 708
to the transistor cascode 704. The comparator 710, reference
voltage, DAC 708, and switches 712 may be used to
implement, or may be implemented as, the comparator,
reference voltage, DAC, and/or switches described herein,
for example, with reference to FIG. 2 and FIG. 4 (e.g.
Current DAC 208).

The capacitive divider 714 may provide a device-protect-
ing gate-biasing function, which may ensure or aid 1n
ensuring that when large electrode voltages are generated,
cach transistor 1n the transistor cascode 704 does not expe-
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riences terminal-to-terminal voltage exceeding the device
Von-rating. The capacitive divider 714 includes a plurality
of capacitors coupled 1n series, each capacitor provided
between a gate of a transistor 1n the transistor cascode 704
and a next capacitor 1n the capacitive divider 714. An end of
the capacitive divider 714 1s coupled to the DVS 716 which
may be mmplemented using any DVS described herein,
including the DVS 416 of FIG. 4 or the DVS 716 of FI1G. 7.

The capacitors in the capacitive divider 714 may be sized
to apply a gate-biasing function to the gates of the transistors
in the transistor cascode 704. CN, the top-most capacitor 1n
the stack, may be sized to make sure the constant-gain term.,
a (e.2. Vaa/ Vi), falls within a sate” range of values that
provides V ,,. and V .. reliability throughout the HVA device
stack as the voltage at the node 706 varies between OV and
its expected maximum value. Accordingly, 1n sizing CN the
cllective capacitance 1n-series with it may desirably be
known, as well as the worst-case “PCD error ratio” (e.g.

V__ /V.z) when the current driver circuitry controlling the
HVA-biasing DVS 716 1s SUPPLY-configured (error ratio
greater than 1 due to diode high-side switch) and TRACK-
configured (error ratio potentially less than 1).

CN-1 through C1 are sized to realize a capacitive divider
with constant-increment voltage division, as to provide the
“k” and “N” dependent component of the HVA gate-biasing
function.

When the HVA 702 1s ACTIVE (e.g. stimulus 1s being
delivered), the bottom of the capacitive divider 714 may be
maintained at V 5=V 55—V 5, by 15, o, limiting the voltage
at the effective “source” ot the HVA 702 to V-V
1<VDD. Meanwhile, the top of the capacitive divider 714
may be biased by the DVS 716 on the same side of the
H-bridge as the HVA 702; accordingly, when large electrode
voltage variations occur, the electrode and biasing DVS
voltages will be approximately equal via current driver
circuitry feedback operation. The capacitive divider 714
distributes the DVS 716 output voltage among the gates of
a transistor cascode 704; this gate-biasing function may
protect the HVA devices from voltage overstress.

Sub-modules 718 may be provided in parallel with the
capacitive divider 714 and transistor cascode 704. The
sub-modules may be used to reset the HVA capacitive
divider between biphasic stimulus pulses. An individual
subcircuit 720 that may be used to implement each of the
sub-modules 718 1s also shown 1n FIG. 7, and includes a
transistor (Mx), a resistance between the gate and source of
the transistor, and a capacitance between the gate of the
transistor and a multiplexer which may provide either a reset
signal or a clock signal. Accordingly, the Mx device 1n-
parallel with capacitors 1 the capacitive divider 714 1s
normally off, unless AC coupled pulses are forwarded by the
multiplexer to repeatedly open and close MX, as to dis-
charge the 1n-parallel capacitor over the course a few pulse
cycles. In this manner, the capacitive divider may be con-
sidered to divide absolute V by resetting all nodes to a
reference voltage (e.g. 0V) between stimulus pulses So there
1sn’t charge build-up/deviation over time, this may be per-
formed between each stimulus pulses event. During stimu-
lation, the output of the multiplexer may be DC, and the gate
of a given MX device may follow its source voltage (e.g. via
RX resistor) . . . and during HVA reset, in which no
stimulation 1s occurring and electrode/dvs voltages may be
known to be a reference voltage (e.g. 0V), clock pulses may
be passed through the multiplexer and AC coupled to the
gates of the MX devices, switching them on/off and dis-
charging each cap in the divider to OV over a few clock
cycles. In this manner, a capacitive divider may be reset
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using low-voltage devices. The AC coupling caps may be
MiM or MoM caps to hold a high voltage. The low-duty
cycle of neural stimulation (typically <<50%) may be lev-
eraged to reset the HVA 702 between stimulus events, during
which the DVS 716 and electrode voltages (e.g. at node 706)
are known to be 0V (e.g. State 1 1n FIG. 3). To quickly reset
the HVA 702, V,, and I, . may be disconnected, the
bottom-plate of C1 may be grounded, and pulses are AC-
coupled to the gates of the transistor cascode 704 devices to
discharge C1 through CN-1. An HVA 702 can be placed 1n
standby by disconnecting 1, ,.; this configuration may be
usetul 1in keeping an electrode connected to ground during
any long intervals between stimulus events (while the HVA
702 consumes no or negligible power).

FIG. 8 1s a schematic illustration of a system arranged 1n
accordance with examples described herein. The system 802
includes stimulus pattern 804, analog front-end circuitry
806, display 808, MUX 810, amplifier 812, and animal 814.
The stimulus pattern 804 may be provided to the analog
front-end circuitry 806, which may generate stimulus sig-
nals, including biphasic constant-current stimulus signals in
accordance with the stimulus pattern 804. The stimulus
signals may be provided to MUX 810 for distribution to one
or more electrodes implanted or 1n communication with
locations of tissue of an animal 814. Stimulus signals may
be viewed on display 808, such as an oscilloscope. An
amplifier 812 may be used to recetve and/or process signals
detected from the animal 814 responsive to the stimulus
signals.

The analog front-end circuitry 806 may be implemented
using any analog 1front-end circuitry described herein,
including but not limited to analog front-end circuitry 108 or
analog front-end circuitry 202. The analog front-end cir-
cuitry 806 may be implemented on a chip, and may be
tabricated on the same chip as digital logic circuitry used to
implement communication with display 808, stimulus pat-
tern 804, and/or amplifier 812. Moreover, portions or all of
the stimulus pattern 804 generating logic, and/or the ampli-
fier 812 may be provided on a same chip as the analog
front-end circuitry 806 and may be fabricated in a same
CMOS process. The chip may be implanted, placed on, or
otherwise 1n communication with tissue of the animal 814.

The stimulus signal generated by the analog front-end
circuitry 806 may be provided to electrodes 1n contact with
various tissue locations of the animal 814. In the example of
FIG. 8, an clectrode Al 1s implemented as a silver ball
clectrode at a forelimb area of a motor cortex of the animal
814. Flectrode R1 1s implemented as a skull-screw return
clectrode. Electrode A2 and R2 are implemented as Pt/Ir
wires 1n a cervical spinal cord of the animal 814. Electrode
R3 1s implemented as a stainless steel dorsal return elec-
trode. In this manner, cortical, spinal, and muscle signals
may be delivered and received by the system 802.

While a MUX 810 1s shown 1n FIG. 8 to route a stimulus
signal to desired electrodes, 1n some examples, suflicient
analog front-end circuitry may be provided to support mul-
tiple parallel channels for stimulus signals. Accordingly,
MUX 810 may not be needed 1n some examples.

Stimulus signals may be provided to, and responsive
signals received from, any of a variety of animals 1n accor-
dance with examples described herein. While a rat 1s shown
implementing the animal 814 in FIG. 8, any animal may be
used including, but not limited to, human, cat, dog, mouse,
guinea pig, pig, horse, cow, chicken, monkey, ape, fish, or
combinations thereof.

Chips, circuits, systems, and/or devices described herein
may be used to provide electrical stimulation 1n any of a
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variety ol devices or systems including, but not limited to,
retinal and cochlear implants, deep brain stimulation for

Parkinson’s disease and neuropsychiatric disorders, func-
tional electrical stimulation of periphery nerves, neural-
recording brain-computer interfaces (BCls), or combina-
tions thereof. For example, neural stimulation could be used
as a direct means of closing the “BCI loop” to create
“bidirectional” BClIs (e.g. BBCIs) and/or re-establishing

brain control over paralyzed muscles.

Example 1
Chip Measurements

A 6-stage dynamic voltage supply (DVS) was fabricated
in 65 nm CMOS. The 2.5V devices of the process were used

to 1implement the circuit. CPUMP and COUT of the DVS
were 2 pF and 73 pF, respectively, and the switching devices
were sized for 400 MHz (max.) operation. The supply
rise/fall time under non-loaded conditions showed the ability
to track quickly changing electrode voltages; a “lfaster”
supply, operated at the same frequency, can be realized by
making CPUMP larger and/or COUT smaller.

Loaded performance (constant-current), output voltage
versus ®AB period (both measured and predicted) was
reviewed; the prediction was derived from a model of the
supply internal resistance. A diflerence in slope between the
predicted/measured SRC curves was attributed to reverse
leakage current due to ®A, ®B overlap; the result was
reduced efliciency (an improved non-overlapping clock may
mitigate this 1ssue).

Biphasic Driver Stmulations

A biphasic driver designed for 250 pA stimulus delivery
(max.) and £11V compliance was implemented at the sche-
matic level in Cadence; potential uses include intracortical

and intraspinal stimulation. The IDAC had an ROUT of 500
k€2; the high frequency supply clock was 125 MHz, and
error detection circuitry (using non-ideal comparator model)
was operated at 25 MHz; all other blocks are implemented
at the transistor level. The voltage across 7, was observed
for several “high-impedance” interfaces, when 250 uA
biphasic current (200 us pulse-width, 5 us interphase delay)
was delivered. System performance, for a “worst-case”
stimulus rate of 1 kHz, was reviewed.

The stimulator demonstrated adequate stimulus current
regulation, and although HVA mismatches are not simulated,
the DC stimulus mismatch, just by using fixed-duration
passive/active discharge phases post-stimulus, was below
100 nA for ZE1-4.

Considering relative stimulus levels and duty cycles, the
power consumption was comparable to systems featuring a
static hugh voltage rail (which also needs to be generated)
and high voltage tolerant devices. A system with similar
performance can be designed for higher current levels by
increasing the clock frequency of the supply/error-detection
and/or increasing the CPUMP size.

In-Vivo Board Testing

A board-level prototype was realized to investigate poten-
tial uses for the integrated stimulator (considering 1ts £11V

10

15

20

25

30

35

40

45

50

55

compliance), and to verily the current regulating ability of 60

an H-bridge driver in-vivo. The board used discrete, high-
voltage tolerant components and was operated by a micro-

controller, charge balance was assured by the inclusion of

large blocking capacitors; the fabricated DVS chip was not
used 1 this system. Two rats, previously surgically
implanted with several electrode configurations (subdural
cortical, intraspinal, and intramuscular) were stimulated

65

22

while moving freely about an observation area. The stimu-
lator board was connected to the electrodes with a tethered
cable. A 300 um multi-stranded, stainless steel (SS) wire was
used for the current return, and the active electrode was
either a 300 pum multi-stranded SS wire (intramuscular,
cortical) or 30 um Pt/Ir (intraspinal). Electromyographic
(EMG) responses in the muscle and spinal cord (latter for
cortical stimulation) were recorded during stimulus delivery.
Suflicient current was delivered to cortical, spinal, and
muscle electrodes to evoke forelimb or neck contractions.

ZE voltage at movement-eliciting current levels (verified
visually and with EM(G) was demonstrated for intramuscular
stimulation (SS active/return wires in close proximity; ZE
voltages for subdural cortical stimulation (distant SS return)
also stayed within the capabilities of the stimulator.
Responses were also provoked with spinal stimulation (dis-
tant SS return), and with lower ZE driving voltages.

Example 2

Analog front-end circuitry was fabricated 1n the 9-metal,
TSMC 65 nm GP CMOS process. £11V to 210V compliance

was measured when delivering biphasic stimulus current
ranging from 50 pA to 2 mA 1 amplitude, respectively.

Chip Implementation and Overview

The active chip area was =~2 mm~. The DVS design used
8-stages and a 2.5V VDD, with CPUMP and COUT set to
13.1 pF and 180 pF, respectively. The maximum frequency
of CLKPCD was 8x13.56 MHz but lower multiples of 13.56
MHz (e.g. x4, x2, and x1) can be used in other examples
based on the stimulus amplitude setting.

The HVA employed 7-stages, with C1 through C7 set to
ensure the terminal-to-terminal voltages of each cascoded
device stayed within £2.5V during high-voltage stimulation.
The chip used 3 clocked-comparators (CMPs), each having
the same design and a maximum sampling rate of 8x13.56
MHz. Each current driver circuitry instantiation (e.g. PCD)
had a dedicated CMP for TR ACK-feedback error detection,
and the third CMP was used for current DAC dropout
detection and shared by both PCDs for SUPPLY-feedback
error detection. The low-voltage, binary-weighted IDAC
had a 10 pA LSB and featured a 2.5V-tolerant active-cascode
bufler. An on-chip phase-locked loop (PLL) took a 13.56
MHz mput (ISM band) from ofl-chip and generated the
high-frequency clocks used by the CMPs, DVSs, and HVAs.
An off-chip micro-controller generated a 200 kHz system
clock and a 4-bit bus which encoded the “state” of the
front-end; this bus was input to a large multiplexing struc-
ture, which then forwarded the correct configuration codes
(e.g. all scanned into the chip) to the front-end blocks,
digitally gmiding the chip through each state of stimulus
delivery.

Benchtop Stimulator Front-End Measurements

PCD voltages and ZE current were measured during
high-voltage, 2 mA stimulation with varied ZE. The residual
voltage measured after 2 mA stimulus was delivered to the
capacitive ZE,2 (for which the front-end functions the most
asymmetrically) corresponds to 22 nC of charge-mismatch.
When stimulating the purely resistive ZE,3 at a hugh rate
(e.g. 300 Hz) the chip consumed 9.33 mW (nearly all drawn
from the 2.5V supply); as ZE becomes more capacitive, this
power draw reduces since a larger fraction of the balancing
stimulus 1s not actively supplied by a DVS. The stand-by
power consumption of the chip was measured at 304 W
(e.g. leakage, system clocking, comparator biasing, op-amp
biasing 1 IDAC, and charge-pump/VCO biasing 1n PLL);
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the only stand-by power consumption from the high-voltage
front-end circuits (e.g. DVSs and HVAs) 1s a single, 2 uA
HVA bias current.

In Vivo Measurements

The 1 vivo eflicacy of the chip was demonstrated by
producing motor evoked potentials and overt movement in
the triceps and shoulder abductor of an anesthetized rat
through spinal stimulation (intraspinal, epidural) and corti-
cal stimulation (epidural, subdural); four applications rel-
evant to bidirectional neural interface research and devel-
opment.

From the foregoing 1t will be appreciated that, although
specific embodiments of the invention have been described
herein for purposes of illustration, various modifications
may be made without deviating from the spirit and scope of
the 1nvention.

What 1s claimed 1s:

1. Analog front-end circuitry comprising:

a first current driver circuit comprising a first switched-
capacitor power supply configured to produce a first
high voltage;

a second current driver circuit comprising a second
switched-capacitor power supply configured to produce
a second high voltage; and

a first switch between the first current driver circuit and a
first node;

a second switch between the second current driver circuit
and a second node;

a first high voltage adapter circuit coupled to the first
node;

a second high voltage adapter circuit coupled to the
second node;

a current digital-to-analog converter (DAC);

a third switch between the first high voltage adapter
circuit and the current digital-to-analog converter;

a fourth switch between the second high voltage adapter
circuit and the current digital-to-analog converter:;

a fifth switch between the first high voltage adapter circuit
and a reference voltage;

a sixth switch between the second high voltage adapter
circuit and the reference voltage;

wherein the first current driver circuit and the second
current driver circuit are configured to control at least
some of the first, second, third, fourth, fifth, and sixth
switches to provide a biphasic voltage signal between
the first and second node.

2. The circuitry of claim 1 further comprising:

a seventh switch between the first high voltage adapter
circuit and a voltage comparator; and

an eight switch between the second high voltage adapter
circuit and the voltage comparator;

wherein the first current driver circuit and the second
current driver circuit are configured to control at least
some of the first, second, third, fourth, fifth, sixth,
seventh, and eighth switches to provide the biphasic
voltage signal.

3. The circuitry of claim 2, wherein the first current driver
circuit and the second current driver circuit are together
configured to control the first, second, third, fourth, fifth,
sixth, seventh, and eighth switches to:

in a first state, provide the reference voltage at both the
first and second nodes by disconnecting the first and
second nodes from the first and second high voltages;

1n a second state, connect the second current driver circuit
to the first node to provide the second high voltage to
the first node, connect the second high voltage adapter
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circuit to the current DAC, and disconnect the first high
voltage adapter circuit from the current DAC and the
reference voltage;

1n a third state, disconnect the first node from the second
current driver circuit, connect the second high voltage
adapter circuit to the reference voltage, and connect the
first high voltage adapter circuit to the voltage com-
parator;

in a fourth state, connect the first high voltage adapter
circuit to the reference voltage, connect the second high
voltage adapter circuit to the current DAC and the
voltage comparator;

1n a fifth state, connect the first current driver circuit to the
second node to provide the first high voltage to the
second node, connect the first high voltage adapter
circuit to the current DAC; and

1n a sixth state, disconnect the second node from the first
current driver circuit, connect the first high voltage
adapter circuit to the reference voltage.

4. The circuitry of claim 3, wherein the first current driver
comprises a lirst controller configured to cycle through the
first, second, third, fourth, fifth, and sixth states, and wherein
the second current driver comprises a second controller
configured to cycle through the first, second, third, fourth,
fifth, and sixth states.

5. The circuitry of claim 1, wherein the first node 1s
configured to couple to a stimulus electrode, and wherein the
second node 1s configured to couple to a reference electrode.

6. The circuitry of claim 1, wherein the first switched-
capacitor power supply and the second switched-capacitor
power supply comprise transistors configured for operation
with a first power supply voltage and wherein the first and
second high voltages are at least twice the first power supply
voltage.

7. The circuitry of claim 1, wherein the first current driver
circuit and the second current driver circuit each comprise a
clocked controller.

8. The circuitry of claim 1, wherein the first current driver
circuit and the second current driver circuit each are oper-
able 1n two modes including a first mode configured to
provide operation during supply of the first or second high
voltages and a second mode configured to track voltage of
the first or second nodes during discharge.

9. Circuitry for delivering a biphasic stimulus signal, the
circuitry comprising:

a current source and a plurality of high voltage adapter

circuits arranged 1n an H-bridge topology;

a plurality of dynamic voltage sources configured to
provide voltages for the biphasic stimulus signal,
wherein the plurality of states includes a first state
providing a negative stimulus, a second state providing
an interphase delay, a third state providing a positive
stimulus through impedance discharge, and a fourth
state providing a positive stimulus through current
driver circuitry; and

a controller configured to cycle the H-bridge topology and
plurality of dynamic voltage sources through a plurality
of states to provide the biphasic stimulus signal.

10. The circuitry of claim 9, wherein the plurality of states
further includes an i1dle state and an impedance discharge
state.

11. The circuitry of claim 9, wherein the circuitry further
comprises switches and wherein the controller 1s configured
to open and close the switches to cycle through the plurality
ol states.
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12. The circuitry of claam 9, wherein the controller
comprises a digital state machine.
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